It is well known that the pregnancy and delivery rates following ART for women under 34 years old are over 40%. However, these rates start to decrease rapidly among patients from around 37 years old and the former becomes less than 15% per embryo transfer and the latter is almost zero in patients over 43 years old. On the other hand, the miscarriage rate increases rapidly from 35 years old and rapidly exceeds 50% at 43 years old (80% at 48 years old) (Figure 1 ). This clarifies the direct relationship between human fecundity and patients age. 
| INTRODUC TI ON
It is well known that the pregnancy and delivery rates following ART for women under 34 years old are over 40%. However, these rates start to decrease rapidly among patients from around 37 years old and the former becomes less than 15% per embryo transfer and the latter is almost zero in patients over 43 years old. On the other hand, the miscarriage rate increases rapidly from 35 years old and rapidly exceeds 50% at 43 years old (80% at 48 years old) ( Figure 1 ). This clarifies the direct relationship between human fecundity and patients age. 1 The frequency of fetal cytogenetic abnormalities in miscarriages has been reported to be between 46.3% and 76.7% 2, 3 and increases according to female age, surpassing 90% in women over 40 years old. Almost all of the cases are autosomal trisomy, 4, 5 this is because monosomy embryos disappear at the early developmental stage. Such aneuploidy is mostly produced by the chromosomal pre-division or nondisjunction, whereby homologous chromosomes fail to pair or separate appropriately at the meiotic metaphase, resulting in disomic and nullisomic gametes. [6] [7] [8] [9] All living organisms age and eventually die. When aging occurs in an ovary, both nuclear and cytoplasmic functions of all the cells contained decrease resulting in ovarian dysfunction and lower fecundity. Nothing can stop this unavoidable process, aging. However, scientists continue to pursue the dream to rejuvenate the aged oocytes. For
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TANAKA ANd WATANABE age-related decreasing fecundity, the novel treatment of ooplasmic transfer (OT) was introduced in 1997 by Cohen et al 10 to rescue the aged oocyte for the first time in the world and was then followed by germinal vesicle transfer (GVT), pronuclear transfer (PNT), and spindle chromosome transfer (ST). There have been many reports which supported these procedures, but some scientists remain skeptical. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In this manuscript, we would like to review whether the different cytoplasmic donation methods (OT, GVT, PNT, ST) are effective options to rejuvenate the aged oocytes or not.
| CHAR AC TERIS TI C S OF OO C Y TE AG ING
We would like to analyze the mechanism of oocyte aging from the following three points of view, chromosomal abnormality (aneuploidy), mitochondrial dysfunction, and epigenetic alteration.
| The origin of human aneuploidy

| Age-associated increase in aneuploidy
Aneuploid oocyte results from meiotic chromosome mis-segregation, which might be caused by impaired regulating mechanisms for maintaining the sister chromatid cohesion or defective regulators of chromosome distribution. The regulators mentioned above might suffer from deterioration caused by numerous factors during the storage period of the immature GV oocytes until they are released into the reproductive cycles in humans. In mammalian GV oocytes, the most remarkable features of the termer regulators are that the bivalent chromosomes form crossover by chiasmata between homologous arms, and that their cohesion is also maintained with physical linkage rings. 24 In the latter process, the cohesin protein subunits play a crucial role 25, 26 localizing at the chromosome centromeres and arms and holding sister chromatids together. Therefore, it is easy to suppose that sister chromatids tend to separate prematurely when cohesion ring joints are dislocated with advanced age.
In fact, cohesin deficiencies result in loss of chromosomal cohesion and increased chromosome mis-segregation during maternal aging. 27, 28 Furthermore, some studies showed that the aging-associated chromosome mis-segregation is followed by a decrease in Shugoshin 2, 29, 30 which plays a role to protect cohesin dissociation at the centromeric region until sister chromatid separation. 31, 32 Cohesin loading for the chiasmata maintenance and meiotic divisions starts in the initial meiotic stages of oocytes, 33, 34 and its deterioration without replenishment 33, 35 due to maternal aging is accountable for the increase in chromosomal abnormalities.
Similarly, some researchers have reported that cohesion between centromeres of sister chromatids becomes fragile in human oocytes during maternal aging. 36 Spindle assembly checkpoint proteins regulate meiotic segregation of homologous chromosomes in mouse oocyte [37] [38] [39] [40] [41] [42] [43] and control mitosis upon fertilization. 41, 44 Gene expression in young and aged human oocytes indicates that there is a difference in gene products related to cell-cycle regulation, spindle formation, and organelle integrity, thus contributing to frequent chromosomal segregation errors in meiosis. The observations suggest that mitotic centromere-associated protein is necessary for spindle formation, chromosome assembly, and cell-cycle progression. Its mRNA and protein reductions in a context of permissive spindle assembly checkpoint are a risk factor of aneuploidy.
F I G U R E 1 Pregnancy and delivery rates decrease but miscarriage rate increases as female patients grow older
| Non-age-associated increase in aneuploidy
In older women, the production of aneuploidy is accelerated by chromosomal pre-division that results from age-related deterioration of cohesin localized on meiotic chromosomes, as described above. 45 However, about 60% of human aneuploidy appears to be trisomy which is caused by nondisjunction. 46 Three main characteristics of human nondisjunction have been identified: The first one is that in all somatic and sex chromosomes, most trisomies originate during oogenesis. The second one indicates that maternal meiosis I errors contribute more commonly to trisomy than maternal meiosis II errors. This thought is based on the phenomenon that the oocyte first meiotic division commences in the early fetal ovary and it is arrested at the prophase for more than 10 years until the time of ovulation.
The third characteristic is that there also appear to be mechanisms that differentially influence specific chromosome groups. For ex- with disomic homogeneity. Besides the three characteristics mentioned, altered recombination is also a known important causal factor on the human trisomy. This is mostly due to failure of crossover between homologous chromosomes, and it results in random segregation at metaphase I and an increase of 50% in the incidence of nondisjunction. 47 However, some homologues are in a more complicated situation whereby crossovers for nondisjunction are formed on unusual positions of chromosomes. Trisomy 21 is a compelling evidence of this, though it also typically increases with the age of the mother. 48, 49 Among younger women, telomeric exchanges dominantly contribute to these aneuploidy cases derived at maternal MI.
However, these exchanges are not serious among older women. For MII trisomies, pericentromeric exchanges happen commonly in older women. In addition, other types of abnormal recombination account for about 50% of maternal MI errors in both young and old women.
Therefore, it might be concluded that non-age-associated factors become more important than advanced maternal age.
| The connection between human aneuploidy and mitochondrial dysfunction
One of the changes recognized in mature oocytes is the appearance of the meiotic spindle that is formed with microtubules.
Microtubule organizing centers (MTOCs) are necessary for the assembly and disassembly of the spindle microtubules. The microtubule motor proteins depend on the association with microtubules between the chromosomal kinetochore 50 and MTOC or centrosomes at the MII or the first cleavage metaphase, respectively. 51 These motor proteins actively move on the microtubules and participate in the arrangement and stability of the spindle structure. In aging human oocytes, lack of integrity in the microtubule network has been reported. 52 The process of chromosomal disjunction, whether in meiosis I or meiosis II, is dependent on ATP energy to pull and separate the tetrad (in MI) and diad chromatids (in MII) to the opposite ends of the spindle. 53, 54 The mitochondrial DNA (mtDNA) mutations accumulated during aging could harmfully influence the potency of ATP production in the oocyte. In addition, the mitochondrial respiratory is the main source of free radicals in the body. Therefore, defects in mtDNA integrity could be associated with damage by reactive oxygen species. Relationship between mitochondria malfunctions and advanced maternal age has been reported in oocytes. Variations of ATP content imply distinct oocyte quality. 57, 58 Moreover, mitochondria seem to be responsible for aberrations in spindle assembly, chromosome segregation, and cell-cycle regulation, as shown in oocytes from aged women and mice. 59, 60 In addition, Keefe et al 61 reported that 93% of oocytes from patients aged >37 years undergoing IVF treatment contained detectable mtDNA deletion, compared with only 28% of oocytes from younger women, [61] [62] [63] suggesting that oocytes obtained from older women may contain a reduced number of mtDNA copies than those in oocytes from younger women. Hence, it is considered that a bioenergetic deficit caused by mitochondrial dysfunction is a major factor leading to reduced IVF outcomes, and in older women in particular.
| Mitochondria dysfunction during oocytes aging
| Epigenetic changes in aged oocytes
Oocyte quality is dependent on both genomic and epigenetic changes during oocyte storage in the ovary. Epigenetic changes are nonheritable phenotypic changes that result from alteration of gene expression, accompanied by genomic mutation. There are at least three systems including DNA methylation, histone modification and noncoding RNA-associated gene silencing that are known to initiate epigenetic changes.
DNA methylation is the main cause of genomic imprinting, and it is a necessary process for proper oocyte maturation and embryonic development in humans and other mammalian species.
Reprogramming of DNA methylation starts at different growth stages in the male and female germlines, and the differences in their reprogramming pattern cause the distinct gene expression pattern between the maternal and paternal genome in embryos. In the mouse female germline, methylation reprogramming begins in growing oocytes after birth and finishes before entry into the first meiotic metaphase. DNA methylation is mainly catalyzed by DNA methyltransferase 3 s (DNMT3s), 64 which are allowed to bind the amino-terminal tail of histone H3 with histone modification before interaction with the associated DNA strand. In mammalian oocytes, the reprogramming of histone modification also occurs during oogenesis.
Genomewide analysis has shown that global genomic methylation is altered with aging. Small noncoding RNA (miRNA), whose expression is also regulated by DNA methylation, 65 negatively interferes in gene expression through binding to target gene mRNA.
The function of miRNAs is post-transcriptional regulation of gene expression through recruitment into miRNA protein complexes, 66 although suppressed altogether during oogenesis. Recently, altered expression of miRNAs in aged mice and human organs has been found. [67] [68] [69] Therefore, age-related difference in miRNA expression seems to affect epigenetic process. The facts indicate that severe spindle and chromosomal segregation defects resulted from miRNA dysfunction in mouse oocytes. 70 An alteration of mRNA expression in human mature oocytes has also been widely confirmed with female aging. 71, 72 In addi- compensate normal embryonic development in the oocyte reconstructed with different nucleus and cytoplasm. 78 
| HIS TORY OF C Y TOPL A S T DONATI ON
| Cytoplasmic Transfer (CT)
| Germinal vesicle transfer (GVT)
Theoretically, the transfer of a germinal vesicle (GV) of an aged woman to another enucleated oocyte of a young woman makes it possible to rescue aneuploidy caused by aging. This technique was first reported by Zhang et al in 1999, and human GV oocytes from ICSI cycles were collected after consent from ICSI patients who participated in a study. 89 Newly constructed age-related oocytes were in vitro matured, but a successful maturation has not been achieved to this date. On the other hand, this method showed more successful results in mice. 90, 91 The strong point of GVT is that it can be carried out before the start of M-I. A large number of aneuploidies derive from nondisjunction, and chromosome misalignment -during M-I. 8, 46, 51, [92] [93] [94] The chromosomal misalignment at M-I could induce nondisjunction, due to a decreased number of chiasmata or incomplete separation of univalents in aged oocytes. 95, 96 An obvious relationship between oocyte aging and malsegregation due to the nondisjunction of bivalents during M-I was reported. 93 So, GVT may be a promising treatment to correct abnormal nondisjunction at M-I or M-II.
One of the benefits of GVT is related to the interaction with mitochondria. It is reported that mitochondrial damage has a detrimental effect on oocyte maturation, chromosomal segregation, and spindle formation. 97 This damage was overcome by GVT and chromosomal analysis showed that almost all of these reconstructed oocytes had a normal number of chromosomes, and they regained the former reproductive capability.
Palermo et al showed that a healthy mouse ooplasm could rescue the damaged mitochondrial function of GV stage caused by photoirradiation and that 62% of these reconstructed oocytes matured to metaphase II. 98 On the other hand, there is a report that indicates that ooplasm from young mice could not rescue aging-related chromosomal abnormalities. 15 This might have been caused by noncytoplasmic factors in GV stage that affect chromosome segregation. This objection is based on the results with a mouse experiment exchanging GVs and ooplasms of varying ages. 15 The chromosomal abnormality rate in newly reconstructed oocytes was found to be much higher (57.1%) when the GV of an aged mouse was transferred to the enucleated oocyte of a younger one. On the other hand, it was 16.7% when the GV of a younger mouse was transferred to enucleated aged oocytes.
Whether GVT could rescue chromosomal abnormalities in aged oocytes needs further examination.
| Pronuclear transfer
Pronuclear transfer (PNT) is essentially the same procedure as GVT, except for the removal of pronucleus after fertilization and it has had some successful normal births. There are two advantages in PNT. First, the PN is easily visualized, so the extraction of PN is easier than ST. 102 It is difficult to extract the metaphase chromosome intactly as the M-II chromosomes are not clearly visible to the naked eyes. 51 Second, PN has superior embryonic development potentiality. If oocyte dysfunction is derived from cytoplasmic factor, PNT will have higher potentiality to develop normally than the other alternative cytoplasmic donations:
CT, GVT, and ST. On the other hand, PNT has some shortcomings.
First, the exchange and fusion of two PN is accompanied by technical difficulties due to large volume. Second, the volume of mtDNA carried over into the recipient oocyte is the largest among all alternatives, resulting in the densest mitochondrial heteroplasmy. Lastly, this procedure requires the destruction of an embryo, which makes it difficult to apply clinically because of ethical concerns. was then achieved and resulted in immature births after fetal reduction. Nuclear genetic fingerprinting showed that the nuclear DNA was identical to that of the patient's. mtDNA profiles in fetuses were similar to those from donor cytoplasm with no detection of patient's mtDNA. Transferred mtDNA at ST was initially detected at levels below 1%, decreasing in blastocysts and stem cell lines to undetectable levels, and remained undetectable after more than one year. In this study, they also reported no significant differences of respiratory chain enzyme activities and basal oxygen consumption were found among stem cell line-derived fibroblasts and oocyte donor skin fibroblasts. 
| Spindle chromosome transfer (ST)
Cytoplasmic
| D ISCUSS I ON P OINTS
| Effect of coexistence of multiple wild-type mitochondrial genomes
It is still unknown whether oocyte heteroplasmy with two different wild-type mtDNA has a detrimental effect to the offspring or not. Sequence differences between native and "foreign" mtDNA can produce proteins with altered amino acid sequences. This has been proved in both cattle 20 and pigs, 21 and there might be These results might lead to the speculation that the mixture of two different wild types of mtDNA does not affect the embryonic potentiality. This study indicated that the mitochondrial exchange by nuclear transfer was capable of producing normal embryonic development resulted in healthy offspring.
| Interaction between nuclear genomes and mitochondrial ones
The importance of intergenomic communication for efficient cellular function seems to be explained by the interaction that occurs between proteins encoded by nuclear genomes and those encoded by the mtDNA genome. 115 The electron transfer chain (ETC) requires nuclear-encoded proteins to be transported to the mitochondria. 116 Failure of mitochondrial transcription factor A (TFAM) and mitochondrial transcription factor B (TFBM) to co-ordinate transcription would also have serious effects for the activity of ETC. 117 However, other experimental results suggest that there is considerable flexibility in nuclear/mitochondrial interaction. A recent study showed that mitochondrial function in cell hybrids between mtDNA-less Mus musculus domesticus cells and Mus spretus cells was normal. 118 A similar study indicated more flexibility in primates, chimpanzee, and gorilla mitochondria could functionally replace human mitochondria. 119 In conclusion, the embryological and cell hybrid experiments would argue that there is potentially considerable flexibility in mitochondrial/nuclear interaction. Tachibana et al completed a 5-year follow-up study on monkey spindle transfer offspring born in 2009 86 and reported that no significant differences in body weight could be found between ST juvenile monkeys and age-matched controls. They also confirmed that ATP levels in skin fibroblasts were similar to those of controls. During those 5 years, there were no significant changes in mtDNA carryover and heteroplasmy in blood and skin samples with age. We may speculate that nuclear-mtDNA interactions keep harmony and co-ordinate well, judging from that follow-up study.
| CON CLUDING SUMMARY AND FUTURE PROS PEC TS
With the world's trends of late marriage, more females joining the workforce to get better jobs, longevity, and low birth rates, how to rescue the aged oocytes has become a worldwide urgent issue to help the childless advanced-age couples who prefer not to opt for oocyte donation. 91 Second, compared to PNT, MII oocytes do not require destruction of human pronucleus embryos, which is controversial from an ethical point of view . 101 Lastly, the volume of mtDNA carried over into ST oocyte is much less than that of GVT or PNT. 120 On the other hand, opinions critical of cytoplasmic donation remain. They insist that nuclear DNA in old oocytes is already affected through the long wait until ovulation. So, CT cannot return the nuclear DNA to a young status even after the donation of healthy cytoplasm that contains factors which help epigenetic activity.
The full implications of mixing nuclear DNA and mtDNA from two different sources remain unknown. We, clinicians, should have a thorough discussion about merits and risks involved in ST with patients. Furthermore, we have to, as much as possible, collect recent information concerning ST before entering clinical applications while at the same time continue the basic study further to establish the clinical application of cytoplasmic donation to rescue aged oocyte.
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